Background: A common life cycle pattern in benthic-dwelling taxa in the ocean is an obligate pre-competent dispersal period of microscopic propagules followed by their entry into a competent period, during which they are capable of transitioning back to the sea floor at settlement. The behavior of larvae during their competent periods varies: some taxa are characterized by discriminating larvae that will only accept high quality habitat in which to settle, whereas larvae from other taxa may initially be discriminating, but will become increasingly 'desperate' to settle as they age. Larvae in this latter class, if they fail to encounter optimal settlement habitat, are observed to accept increasingly sub-optimal habitat as their competent period progresses. Results: Here we show that a brief exposure of competent sand dollar larvae (Dendraster excentricus) to a high intensity of turbulent shear shifts larvae into less discriminating settlement behavior. Specifically, turbulence-exposed larvae will settle in response to a wider variety of settlement cues, and will do so more rapidly than will their unexposed siblings. We also report that turbulence causes larvae to sink to the bottom in greater numbers, presumably increasing their exposure to cues on the substrate. Conclusions: We conclude that fundamental aspects of larval life history and habitat selection are sensitive to short term environmental exposure. We discuss these findings in the context of how larvae might more generally utilize transient features of their environment to make key life history decisions. Such a perspective has implications for issues as diverse as aquaculture, population recovery following disturbance, and the sensitivity and response of marine organisms to climate change.
Background
The typical marine life cycle -from kelp, to clownfish, to clams-involves a sedentary or sessile adult that releases offspring that disperse. In animals, the dispersing form is often called a larva, which subsequently undergoes a metamorphic process as it settles back into benthic habitat and begins its juvenile stage. During their dispersal period, larvae face numerous challenges: acquiring food, avoiding predation, navigating oceanic flows that can carry them away from suitable adult habitat, recognizing such habitat when they have reached a stage capable of transitioning to the benthos, and attaching and settling successfully therein (reviewed in [1] ).
The developmental stage at which larvae are capable of transitioning and settling into a suitable benthic location is called competence. What constitutes an appropriate settlement location for a given larva can vary both among species and through that larva's competent period itself (see Methods for our definitions of these and related terms). Broadly speaking, competent larvae can be considered to fall on a spectrum of choosiness with respect to their settlement location. At one end of the spectrum are larvae that exercise marked habitat selectivity: such larvae will accept "Death Before Dishonor" [2] , and continue dispersing as competent larvae either until either a high quality benthic habitat is detected or they perish. At the other extreme of the spectrum are non-discriminating larvae that exhibit no habitat selectivity at all; they will simply settle on the first available solid surface they encounter. Less extreme cases involve larvae for whom choosiness is modulated as they proceed through their competent period [2] [3] [4] [5] [6] . Early competent larvae of this type tend to be discriminating, but as time passes and no high quality habitats are found, such larvae become less selective and may eventually settle onto any number of solid surfaces (the so-called Desperate Larva Hypothesis [2] [3] [4] [5] [6] ). In other words, as larvae of this type age, they behave more 'desperately' with respect to site selection, and thus act increasingly akin to the extreme non-discriminators. Indeed, the observation of so-called 'spontaneous settlement' (i.e., settlement in the absence of any specific trigger) in aging cohorts of larvae has been used as a means of characterizing larvae as behaving 'desperately' (reviewed in [2] ). We note that this concept of 'desperation' is about a decline in choosiness, and should not be taken to suggest that such larvae are operating out of "fear" or "panic", as one might otherwise infer from the vernacular use of the term.
Age is not the only variable that can modulate a larva's decision to either settle or not settle. Food availability [7] , exposure to toxins [8] , low pH [9] and low salinity [10] , for example, can heighten or suppress a given larva's response to a local settlement cue. In recent work, we and colleagues have identified a new modulator of settlement behavior, one that operates through an unanticipated pathway and is perhaps best described by means of its effects on larvae. If pre-competent sand dollar or sea urchin larvae (defined by their lack of response to a local settlement inducer) are exposed to a brief pulse of turbulent shear characteristic of the conditions beneath breaking waves, they immediately transition to competence, and thus become responsive for the first time to local settlement cues [11, 12] .
Although there is still much to learn about the physiological underpinnings of this novel modulator of settlement, there are a number of its attributes that are readily explored. In addition to turbulence exposure invoking an early transition to competence [11, 12] , here we examine if it also modulates the selectivity of larvae through the competent period itself. We examine this possibility in a species of sand dollar from the NE Pacific, Dendraster excentricus, in which late-stage competent larvae have been observed to settle in the absence of any specific inducer (i.e., "spontaneously"), and thus express some 'desperate' behavior [2, 13] . Our results indicate that turbulence exposure increases the occurrence of such non-selective settlement behavior in advanced D. excentricus larvae. We discuss how larval experience modulates larval decision-making to enhance their prospects of successful recruitment into adult populations.
Results
Early competent sand dollar larvae do not exhibit 'desperate' larval behaviors
We first used observations of spontaneous settlement (i.e., settlement in the absence of any specific inducer) to assess whether D. excentricus larvae early in the competent period changed their settlement selectivity (i.e., behaved 'desperately') following turbulence exposure. In previous work, we found that D. excentricus larvae reared at room temperature attained competence between 10 and 12 days post fertilization (dpf), and that the time to competence is shortened by approximately 20% if they are given a 3 minute exposure to 6 W/kg of turbulent shear [12] . Therefore, using a Monterey CA (USA)-derived larval cohort from 2015 (see Methods), we first exposed larvae at 10 dpf either to 6 W/kg turbulent shear or no turbulence (control), and then transferred the larvae either directly into excess KCl -to assess their state of competence-or into 0.45 μm-Millipore filtered sea water (MFSW, no cue) -to examine spontaneous settlement, and thus assess their degree of 'desperation'. 59% (95 pct CI: 44-74%) of these control larvae and 78% (95 pct CI: 69-86%) of turbulence-exposed larvae settled in response to excess KCl (Fig. 1) . Nevertheless, we detected virtually no spontaneous settlement in their sibling larvae left only in MFSW, with [2% settled ± 2% standard error of the mean (s.e.m.)] or without (0% ± 0% s.e.m.) previous turbulence exposure (Fig. 1) . Because only 10% (95 pct CI: 0-20%) of this same cohort of larvae settled in response to excess KCl at 9 dpf (data not shown), we conclude that these larvae at 10 dpf had just reached what we call the early competent phase (see Methods for our definitions of these terms).
Fully competent larvae exposed to turbulence exhibit an enhancement of apparently 'desperate' larval behaviors Using a second cohort (February 2017) of larvae reared at room temperature from the same population as in Fig. 1 (Monterey) , we first established that they were at the early competent phase on day 10 pf, as judged by the proportion of larvae settling (76% [95 pct CI 63-90%]) following excess KCl exposure. We continued to feed them for 1 day (until 11 dpf ), at which point nearly all of the larvae were competent: 96% ± 4% (s.e.m.) settled following excess KCl exposure (Fig. 2) . Then, we exposed these 11 dpf larvae to either 6 W/kg turbulent shear or no turbulence (control), and transferred them (4 replicates each, N = 16-24 larvae per replicate) either into MFSW (to assay spontaneous settlement, and hence 'desperate' behavior [2, 6] ) or into a natural settlement inducer: a 40% extract of sand dollar sand (see Methods). We monitored settlement at 1 and 16 h after transfer into their settlement medium.
At 1 h, we saw a 2.4-fold increase in the proportion of larvae that had settled in sand dollar sand extract if they had been previously been exposed to 6 W/kg turbulent shear (Fig. 2) . By 16 h, 100% of larvae settled in the sand extract, with or without previous turbulence exposure. This latter outcome was expected for competent larvae and a strong cue.
Using a three-way ANOVA, we detected a three-way interaction between turbulence exposure, settlement medium and time in cue (F 1,24 = 6.192, p < 0.05). Subsetting these data, we found that turbulence exposure increased settlement in the 0% sand cue treatment at 1 and 16 h (F 1,12 = 14.152, p = 0.011). In the 40% sand cue treatments, we detected a significant interaction between turbulence and time (F 1,12 = 11.188, p < 0.05), indicating Fig. 1 Early competent sand dollar larvae do not display 'desperate' behaviors at settlement, with or without turbulence exposure. We either exposed D. excentricus larvae 10 dpf (reared at~20°C) to 3 min of 6 W/kg turbulent shear (wavy bars) or did not (open bars). Then, we transferred exposed and control larvae into one of two settlement conditions: 24 h in MFSW alone (left side of graph) or a 1 h exposure to 40 mM excess KCl in MFSW -to assess competencefollowed by a 24 h recovery in MFSW (right side of graph). We detected an effect both of turbulence exposure (F 1,12 = 5.36, p < 0.02) and settlement medium (F 1,12 = 228.93, p < 0.001) on proportion of larvae settled, but no clear interaction (F 1,12 = 3.41, p = 0.09). Error bars are ± the standard error of the mean (s.e.m.) Fig. 2 Fully competent sand dollar larvae exposed to turbulence are less choosy about settlement substrate, and thus behave like 'desperate' larvae. We either exposed D. excentricus larvae 11 dpf (reared at~20°C) to 3 min of 6 W/kg turbulent shear or did not ("no turbulence"). Then, we transferred exposed and control larvae into one of two settlement conditions: 0% extract of sand from sand dollar aquaria (MFSW; no inducer) or 40% extract of sand from sand dollar aquaria (strong natural inducer), and counted the numbers settled at 1 and 16 h. We also exposed a separate set of control (no turbulence) larvae for 1 h to 40 mM excess KCl in MFSW, followed by recovery in MFSW (right side of graph). More than 95% of these latter larvae settled, confirming that the larvae in this experiment were indeed fully competent. Error bars are + s.e.m. Asterisks indicate comparisons within settlement medium at the indicated time point between turbulence exposed (6 W/kg) larvae and the corresponding controls (no turbulence): *p < 0.05; **p < 0.01; ***p < 0.001 that turbulence has an effect on larvae at 1 h, but all larvae settled regardless of turbulence by 16 h. The unexpected result here is the MFSW treatment, in which 28% (± 7% s.e.m) of the larvae settled spontaneously by 16 h when previously exposed to just 3 mins of intense (6 W/ kg) turbulent shear, whereas only 6% (± 4% s.e.m.) of the corresponding control larvae (no turbulence) had settled spontaneously by 16 h (Fig. 2) .
In this experiment, we monitored an additional behavior associated with but distinct from settlement per se: the proportion of larvae on the bottom of the dish (and hence in contact with a potential substrate inducer of settlement) following turbulence exposure. For this analysis, we analyzed all runs by turbulence exposure (6 W/ kg versus control) before transfer into their settlement treatment conditions. Turbulence exposure resulted in a 2-fold increase in the proportion of larvae on bottom when compared to controls (56% ± 8% s.e.m. versus 26% ± 9% s.e.m.; Z = − 5.343, p < 0.001, n = 8 replicates each of turbulence-exposed and unexposed larvae, approximately 21 larvae per replicate). Note that the distinction between this knock-down behavior and settlement is that, by our definition (see also Methods) a sand dollar larva has only settled when it has begun the irreversible process of transformation into a juvenile. By contrast, the vast majority of larvae knocked down in our experiment -but deprived of a settlement inducer-are up and swimming again as intact larvae in fewer than 30 min (Ferner et al. in review). We did not observe any lethality of larvae following turbulence exposure (data not shown).
D. excentricus larvae from a different population, reared at lower temperature showed a similar effect To assess if the preceding results would manifest more widely in D. excentricus, and to ensure that the results were not in part due to the relatively high rearing temperature used in the previous experiment (Fig. 2) , we reared larvae from an Orcas Island WA (USA) population at a more typical summer seawater temperature (13-15°C) until they had reached competence (approximately 20 dpf, data not shown). We continued to feed and rear these larvae until 40 dpf, and confirmed that the larvae were still competent (13/13 larvae settled in a 40 mM excess KCl test). We exposed these 40 dpf larvae to either to 6 W/kg turbulent shear or no turbulence (control), and then transferred them into one of two settlement media (3 replicates each, N = 12-17 larvae per replicate): MFSW (no sand extract), or a 2-fold (i.e., 200%) extract of non-sand dollar bed sand (see Methods). In order to compare these settlement media with a full strength positive cue, we similarly exposed control (non-turbulence exposed) larvae to a 30% sand dollar sand extract. We monitored settlement at 1.5, 3, 7.5 and 19 h after transfer into their respective settlement medium. By 7.5 h, 100% of the larvae in sand dollar sand cue had settled (Fig. 3) , confirming that these larvae were fully competent and behaving as expected. Using these larvae, we first compared the three settlement media (MFSW, non-sand dollar sand extract, and 30% sand dollar sand extract) for their relative effectiveness as inducers of settlement, looking at maximal settlement induction (i.e., the 19 h time point; Fig. 3 ). Our results indicate that, in the absence of turbulence, sand dollar sand extract is a more potent settlement inducer than the other two settlement media (versus non-sand dollar sand extract: t 10 = − 11.62, p < 0.001, versus MFSW: t 10 = − 20.8, p < 0.001), and non-sand dollar sand is a more potent settlement inducer than MFSW alone (t 10 = − 20.8, p < 0.001).
Next, we examined the effect of turbulence on maximal settlement (the 19 h time points; Fig. 3 ) in MFSW and non-sand dollar sand. When larvae were deprived of a specific cue (i.e., exposed only to MFSW), no larvae settled spontaneously unless they had first been exposed to 6 W/kg of turbulent shear for 3 mins, in which case nearly 20% of the larvae had settled spontaneously by 19 h (t 10 = 6.163, p = 0.002). This same analysis at 19 h showed no effect of turbulence in the non-specific sand cue treatment (t 10 = 0.233, p > 0.8). However, these latter larvae settled more rapidly if they had previously been exposed to turbulent shear (t 10 = 6.16, p < 0.001; Fig. 3 ). Specifically, we detected a change in slope of the regression in the non-sand dollar sand treatment. We had intended to conduct a similar analysis on the rate of settlement in MFSW, comparing turbulence-exposed and unexposed larvae. However, as we detected no settlement at all in any unexposed larvae in MFSW (Fig. 3 ), this planned contrast was rendered irrelevant.
We also monitored the proportion of larvae that remained temporarily on the bottom of the dish following turbulence exposure in these trials. Again, we analyzed all runs by turbulence exposure (6 W/kg versus control) regardless of settlement substrate. In these more advanced larvae, turbulence exposure resulted in a 10-fold increase in the proportion of larvae on bottom when compared to controls (84% ± 5% s.e.m. versus 8% ± 3% s.e.m.; Z = − 7.189, p < 0.001, n = 6 replicates of turbulence-exposed larvae and n = 9 replicates of unexposed larvae, approximately 14 larvae per replicate).
Discussion
From afar, benthic marine organisms across phyla and even kingdoms exhibit remarkable similarities in the overall trajectory of their life histories: macroscopic benthic adults release numerous microscopic propagules that disperse and, if fortunate, recruit back to benthic adult populations to themselves reproduce. Yet upon closer examination, marine organisms can exhibit surprising diversity in these same life history trajectories.
Even closely related animal species with almost identical adults can have reproductive life histories that differ in profound ways [14] : releasing many small eggs versus few large ones, requiring planktonic food to complete development or developing entirely on yolk reserves, and producing larvae that have strict habitat requirements at the crucial settlement transition as compared with nondiscriminatory larvae. Understanding the evolutionary forces that shape these shared features as well as the varied ones is fundamental to our understanding of larval biology and marine ecosystems more broadly.
Here, we investigated a larval life history trait -the competent period-common to the vast majority of marine invertebrate taxa [15] , and explored how critical larval behaviors during that period can be modulated by short-term environmental experience. In most studied marine invertebrate taxa with a distinct larval stage, the larval period can be divided operationally into a phase when larvae are not responsive to local inducers of the settlement transition (the immature and precompetent phases, sensu [12] ) and a competent phase when the larvae are responsive and will settle in response to such inducers. In prior work, we showed that the larvae of two common NE Pacific echinoids -the purple urchin Strongylocentrotus purpuratus and the Pacific sand dollar Dendraster excentricus-can be induced to suddenly transition from precompetence to competence with a mere 3 min exposure to turbulent shear characteristic of the nearshore conditions where they live as adults [11, 12] . In the current study, we examined how such turbulence exposure might impact larval decision-making in the competent period itself, during which a larva irreversibly commits to life on the sea floor.
Our findings reported here indicate that a brief exposure of competent D. excentricus larvae to intense turbulent shear causes them to settle more rapidly in response to high quality settlement cues (i.e., those indicative of good adult habitat), and also makes them more likely to respond to sub-optimal cues. Indeed, our experiments reported here for 'spontaneous settlement' in Millipore-filtered sea water controls (MFSW in Figs. 2 and 3) indicates that turbulence exposure itself can be considered akin to a settlement cue in older competent D. excentricus larvae (c.f [11] ). In sum, turbulence exposure makes such advanced larvae less choosy about and more responsive to local settlement inducers. In other words, turbulence exposure in late stage D. excentricus larvae recapitulates 'desperate' larval behaviors.
'Desperate' versus 'stoic' larval behavior
The commonality of competent periods among marine invertebrates overlays substantial diversity in larval behaviors within the competent phase. One strategy involves what we here call 'stoic' larvae that would rather Fig. 3 Fully competent sand dollar larvae exposed to turbulence are less choosy about settlement substrate, and thus behave like 'desperate' larvae. We either exposed D. excentricus larvae 40 dpf (reared at~14°C) to 3 min of 6 W/kg turbulent shear or did not ("no turbulence"). Then, we transferred exposed and control larvae into one of two settlement conditions: 0% extract of sand from sand dollar aquaria (MFSW; no inducer) or 200% extract of sand from a beach without sand dollars (poor quality natural inducer), and counted the numbers settled at 1.5, 3, 7.5 and 19 h. We also exposed a separate set of control (no turbulence) larvae to a strong natural inducer (30% extract of sand from sand dollar aquaria; right side of graph). This treatment not only confirms that the larvae were fully competent (100% of larvae settled by 8 h), but indicates the expected rate of settlement response in a strong cue as a basis of comparison to the sub-optimal cues described above. Error bars are ± s.e.m. Asterisks as in Fig. 2 . Dotted line and Asterisks above nonsand dollar sand data indicates an accelerated response to this cue in turbulence-exposed larvae (see the text) meet "Death Before Dishonor" [2] and will remain as larvae until a high quality settlement location is found, or eventually perish if such a site is never encountered. A distinct strategy involves larvae that behave 'desperately' as they age [2] [3] [4] [5] [6] : while they tend to be discriminating early in their competent period, they will become increasingly less choosy if deprived of settlement cues, often settling 'spontaneously' on the first solid surface they encounter if it is late during their competent period.
The canonical 'desperate' larva has a non-feeding life history [6, 16] , and thus has a prescribed set of energetic reserves -derived from its mother-to fuel its embryonic and larval development, as well as its energetically-costly metamorphic transition to a feeding juvenile. The selective argument for the desperate behavior is thus that as such a larva continues to swim and disperse and use up energy, it would reach a point where settling into even marginal habitat would be its only viable chance of survival and reproduction, however slim [5, 6, 16 ]. Yet such a strategy is not limited to non-feeding larvae. Any costs associated with remaining in the dispersal phase (e.g., the presence of predators or the lack of food) could select for a reduction in choosiness as the competent period proceeds (e.g. [2, 5, 17, 18] ,). On the flip side, the 'stoic' larvae that follow a Death Before Dishonor strategy are characterized by high settlement site selectivity, where settlement in inappropriate habitats would mean poor to no chance of survival [2] .
Bishop and colleagues [2] took a comparative phylogenetics approach to the issue of 'desperate' versus 'stoic' ("Death Before Dishonor") larval behavior and their ecological correlates. They found a highly significant association between the occurrence in species of observed spontaneous settlement and how specific a settlement cue their larvae require: taxa with spontaneous settlement generally had low cue specificity, whereas those without observed spontaneous settlement had high cue specificity. In other words, larvae that are known to behave as habitat generalists at the time of site selection displayed 'desperate' behaviors late during the competent period, while those known to behave as habitat specialists at the time of site selection maintained 'stoic' behaviors as their competent period proceeded, matching the expectations outlined above.
Our findings reported herein add a further layer of complexity to this general trend. When a larva of a shoreline species like the Pacific sand dollar senses that is near to shore, it undergoes a shift in behavior along the stoic --> non-discriminatory axis towards more 'desperate' behavior. The cue that we used that indicates shoreline approach is a 3 minute pulse of high intensity turbulence, an intensity that a larva could only expect to encounter under breaking waves. Thus, one possibility is that high-intensity turbulence operates as a habitat-scale signature (see also [19] ) to larvae that they have reached the vicinity of a wave-exposed coast. The unexpected twist suggested by our data reported here is that such a short-duration, habitat-scale signature appears to immediately induce behaviors that, according to the Desperate Larva Hypothesis, typically emerge gradually as larvae age.
We note that the turbulence intensity that we used in this study (6 W/kg) is quite high, and unlikely to be encountered in locations other than within breaking waves on the shoreline (e.g. [11] ). Still, while D. excentricus sand dollar beds are not found within the high-intensity surf zone itself, many D. excentricus populations -including our main study population in Monterey-are found just adjacent to areas characterized by intense crashing waves. Therefore, it is conceivable that a sand dollar larva could use an exposure to such intense fluid turbulence as a proxy for approach to a neighborhood of potentially suitable shoreline habitat, and to respond accordingly.
In addition to fluid turbulence, we can also imagine other contributing indicators of a larva's approach to potentially suitable habitat in various oceanic ecosystems and conditions. For example: warm water in shallow embayments, lower salinity in coastal zones with heavy run-off, the characteristic sound of water flow over oyster beds [20] , pH fluctuations associated with diurnal patterns of photosynthesis in tide pools [21] , and even break-down products of kelp in high energy surf zones [22] could each function as a habitat scale cue for larvae. As such, we feel that we have here only scratched the surface of the ways in which patterns in larval behavior at settlement could be modulated by short term experience of competent larvae at a variety of scales [1] .
Lower cue specificity or increased cue sensitivity?
A careful consideration of the results we report can lead to one of two interpretations for how the brief turbulence exposure is interacting with larval behavior in response to settlement cues. We have mainly been interpreting the results we report herein as suggesting that turbulence exposure causes sand dollar larvae to accept a wider range of settlement cues. Our findings in particular that turbulence-exposed larvae demonstrate increased settlement in the absence of specific cues (Figs. 2 and 3) , and more robust settlement on a nonspecific sand cue (Fig. 3) , appear to support this interpretation. Nevertheless, other aspects of these data might support a slightly different reading of our results. Although a greater proportion of our turbulence-exposed larvae settled on a non-specific sand cue during the first several hours of exposure, prolonged exposure led to equivalent proportions settled in turbulence-exposed and control larvae (Fig. 3) . This finding suggests a possible alternative explanation for our overall results: turbulence exposure merely decreases the threshold sensitivity of larvae to a cue to which they were previously sensitive (c.f., [23] [24] [25] [26] ). Indeed, in this conception, settlement by turbulence-exposed larvae in sea water alone (Figs. 2 and 3) can be interpreted as merely a lowering of the threshold for spontaneous settlement, and the more rapid settlement in the high quality sand cue after turbulence exposure (Fig. 2) is also consistent with this alternative interpretation (c.f., [26, 27] ).
But are these two alternative explanations truly different? Without knowing the physiological mechanisms through which larvae evaluate and then decide whether or not to settle, one could imagine that an observation of cue fidelity in a given larva is nothing more than a high threshold for inducing the settlement behavior in this larva on alternate, lower quality cues.
There is evidence in the literature for a cellular mechanism through which marine invertebrate larvae across phyla respond to habitat cues: nitric oxide/cyclic-GMP (NO-cGMP) signaling. The overall observation is that nitric oxide generally functions as a repressor of settlement, and when nitric oxide levels drop or its signaling activity is blocked, the settlement response is unmasked ( [28] for review). It is possible that a brief turbulence exposure causes a rapid deactivation of nitric oxide signaling, and thus an initiation of settlement behaviors. Still, responses in the NO-cGMP signaling system in the context of settlement have not yet been shown to be sensitive to short term environmental conditions in the way we hypothesize. As such, a full appreciation of the implications of our findings awaits improved understanding of how -in a cellular-physiological sense-larvae make decisions at this crucial life history transition that is so common to the broadest array of organisms in the sea.
Is precocious competence akin to precocious desperation?
As mentioned above, our previous work on turbulence and settlement [11, 12] focused on the precocious activation of competence by turbulence exposure in echinoid larvae. One way of describing our prior observations is that a brief exposure to intense turbulence hastens the onset of behaviors that would have occurred in those larvae -in the absence of turbulence-at a later date [12] . This description could just as well apply to the observations reported herein: that turbulence hastens the onset of 'desperate' behaviors, such as spontaneous settlement, that eventually occur in many competent D. excentricus larvae that have been in culture for long periods [2, 13] . In that respect, the mechanism by which turbulence induces precocious competence may be the same as that by which turbulence induces a decrease in settlement selectivity in already competent larvae.
Sink first settle later?
In addition to its effect on settlement itself, we here report on an associated behavior that resulted from turbulence exposure: the larvae temporarily sank to the substrate. In some mollusk larvae, turbulence causes retraction of the swimming apparatus (the velar lobes), which then leads the shelled larvae to sink [29] . Other mollusk larvae may actively swim downwards when exposed to turbulence [30, 31] , but the results are variable. In our experiments, we did not have the opportunity to observe the sinking per se; we simply counted the larvae on the bottom of the dish within a few minutes after recovery from the Taylor-Couette device. Still, these observations as a whole are consistent with a general scenario in which nearshore-destined larvae first encounter a high intensity of fluid turbulence and sink to the substrate, where they are then exposed to local (e.g., chemical or tactile) cues associated with the benthos [29, 32] . Our results reported previously [11, 12] and herein add an additional twist: the aforementioned encounter of turbulence by larvae in the water column not only increases a larva's likelihood of being exposed to a local settlement inducer on the substrate ( [29, [32] [33] [34] [35] [36] and results reported herein), it also increases the receptivity of a larva to that settlement inducer once it arrives there.
Implications for aquaculture
Lower cue fidelity in competent larvae following turbulence exposure could have important implications for the shellfish aquaculture industry. A common challenge in aquaculture efforts is synchronous culture of larvae to competence, and ideally, settlement of juveniles during a short window of exposure to a settlement cue (e.g., [37] ). In many aquaculture settings a cohort of larvae spawned on the same day might reach competence over the course of several weeks. As such, a single larval culture might on a given day have a mixture of pre-competent larvae refractory to any cue, early competent larvae with high cue specificity, and later competent larvae that settle more readily.
Our findings here suggest that one might be able to synchronize the settlement of such cultures merely by providing a brief turbulence exposure. Our unpublished data suggest that shaking of sand dollar larvae in flasks for 3 minutes can have similar effects as specific turbulence exposure in our Taylor-Couette device. Such a technique could be worth exploring in an aquaculture context to see if one could increase the settlement success of a cohort of various types of shellfish larvae, many of which are known to exhibit settlement-associated behaviors in response to fluid turbulence (e.g., [30, 35, 36, [38] [39] [40] ).
Conclusions
An obligate larval dispersal period followed by the attainment of competence and then settlement to the sea-floor is a common life cycle pattern among the majority of marine invertebrate phyla [15] . Because larvae have likely evolved independently at least several times among invertebrates [41] , their common life cycle patterns have evolved in parallel. At that key settlement transition, however, different larvae show profound differences in behavior with respect to settlement site selection, even among closely related species, from less discriminating larvae to those that exhibit high selectivity. Here, we show that those broader behavioral types are themselves subject to modulation based on short term environmental experience by their late stage larvae.
Greater attention is lately being given to the ways in which settlement behavior and dynamics can impact marine populations and community structure. In particular, recent studies have singled out larval settlement as a key process sensitive to warming and ocean acidification (reviewed in [42] ). This focus is understandable: settlement and metamorphosis in the marine realm are both ontogenetically and behaviorally complex, with larvae integrating external signals with their internal state to make appropriate, context-responsive settlement decisions.
We here present one example of how short term environmental exposures (specifically, intense turbulent shear) can modulate this decision-making process. It seems a small stretch to hypothesize that environmental changes such as increased temperature and decreased pH could alter these environmentally sensitive settlement decisions in ways that could be difficult to predict, and which could have cascading consequences for population dynamics. As such, detailed explorations into this critical and common yet diverse and modulatable behavior will yield increasingly important insights into the ecology and evolution of life in the ocean.
Methods

Experiment overview, definitions of terms and study species
Adults of the Pacific sand dollar Dendraster excentricus (Eschscholtz) live gregariously in intertidal or shallow subtidal beds throughout much of the Northeastern Pacific Ocean, in both wave-exposed and protected locations [43] . Their planktotrophic larvae have a very wide temperature tolerance range -from 8°C through at least 24°C ( [44] , Hodin J, unpublished)-and when fed ad libitum at approximately 19-22°C, they develop synchronously and reach competence in quiescent laboratory conditions at approximately 11-12 days after fertilization [12] .
Because of our focus on the transition of larvae from a planktonic to benthic phase, we here provide definitions of several relevant terms regarding life cycle transitions in the ocean [1] . We define metamorphosis as a more-or-less radical morphological transformation between two multicellular life stages [45] . In echinoids (sea urchins and sand dollars) with feeding larvae, the morphological transformation (larva to juvenile) begins several days or even weeks before the habitat shift (planktonic to benthic); we refer to echinoid metamorphosis as the entire period from the first formation of juvenile structures ("rudiment") in the larva until the juvenile begins to feed on the sea floor. The most dramatic event of metamorphosis is settlement: the (in most cases irreversible) transition that the larva makes from the planktonic to the benthic zone, at which point it is called a juvenile. This process of settlement is what we measured throughout.
Based on previous work, we define the competent period as beginning when a larva first becomes responsive to localized settlement cues [12] . When rearing batches of larvae, there is always within and among batch variation in the time at which individual larvae attain competence. Therefore, it is useful for us to establish criteria for defining the degree to which batches or cohorts of larvae are competent. We here define a batch or cohort of sand dollar larvae as early precompetent when fewer than 1/3 of the larvae have attained competence, as judged by their response to a 1 h induction with 40 mM excess KCl in 0.45 μm Millipore-filtered sea water (MFSW): competent larvae, under such exposure, settle and then complete their metamorphic transformation into functional juveniles in MFSW. By this same criteria, in a batch of late precompetent larvae, 1/3 of the larvae have attained competence. Similarly, in a batch of early competent larvae, 2/3 of the larvae have attained competence, and fully competent batches are those in which 100% of the larvae have attained competence.
Note that for the purposes of this manuscript, if the 95% confidence intervals (CI) surrounding the mean proportion settled of a given batch of larvae overlaps 0.33, then we consider that batch to be late precompetent. Likewise, if the 95% CI surrounding the mean proportion settled of a different batch of larvae overlaps 0.67, then we consider that batch early competent and so on. We would reject a batch of larvae in this context as too variable for our purposes in which the 95% CI surrounding the mean proportion settled was ambiguous with respect to category. This situation did not arise in the present study.
Our overall approach was to rear larvae through their feeding larval stage using standard methods [44, 46] , and on various days during the competent stage, subject a subset of them to a brief turbulence exposure of a specified intensity. Immediately after exposure, we transferred the larvae into different settlement inducing media: MFSW, extracts of sand from inside or outside sand dollar beds, or excess KCl in MFSW. We then quantified settlement as it relates to turbulence exposure and settlement medium.
Source populations, collection and permits
We collected adult D. excentricus adults from two geographically distinct populations: 1) a subtidal population (~100 m offshore and 1.5 m below the surface at mean lower low water) approximately 30 m east of Municipal Pier 2 in downtown Monterey CA, USA; 2) an intertidal population on Crescent Beach in East Sound, Orcas Island, WA, USA. We collected adults in Monterey by snorkeling on 23 July 2015 and 10 February 2017, and transported them to Hopkins Marine Station ("HMS"; Pacific Grove CA, USA). Adults in East Sound were collected at low tide in July 2016, and transported to Friday Harbor Labs ("FHL"; Friday Harbor, WA, USA). In both locations, we kept sand dollars partially buried within fine sediments (collected from the adult beds) in flowing sea water aquaria until spawning. The Monterey population in February 2017 had been seemingly severely impacted by recent storms; on that date we only located two adults from this formerly (over the preceding 10 years at least) very large population. Fortuitously, those two adults were one male and one female.
Our collections in California were made in accordance with Stanford and HMS policy (http://web.stanford.edu/ group/dbr/HMLR.html) and under a collecting permit is- 
Larval culture
We fertilized our experimental sand dollar individuals as follows. We obtained gametes by intracoelomic injection of (depending on the size of the adult) between 0.2 and 0.5 ml 0.55 M KCl in distilled water. For the 2015 spawning (Monterey sand dollars collected in July), sperm was collected dry and placed on ice; unfertilized eggs were washed 3 times and were transferred into individual 250 ml culture flasks containing 0.1 g/L ampicillin in 0.45 μm Millipore-filtered natural sea water (MFSW) with UV treatment. Storing eggs in this manner at ambient temperature (here~14°C) renders them fertilizable for a week or longer [12, 47, 48] . These stored gametes (spawned 26 August 2015) were then shipped overnight that same day from HMS to FHL. After arrival, we washed out the antibiotic with three rinses in MFSW before proceeding with fertilizations.
We set up fertilizations on 27 August 2015 (shipped Monterey gametes), 10 February 2017 (freshly collected Monterey sand dollars) and 4 May 2017 (Orcas Island sand dollars collected July 2016) at 13-14°C using standard methods [44, 46] . For each larval culture, we set up single male-female crosses, each resulting in > 90% fertilization success. In August 2015, we allowed the newly fertilized eggs to warm up to room temperature (19-22°C) , and maintained at room temperature at FHL throughout larval development. In February 2017, we kept the embryos overnight at 14°C, and the following day warmed them up to room temperature (19-22°C) , at which temperature they remained until experiments. In May 2017, we maintained larvae at sea table temperatures (13-15°C) at FHL throughout.
We began feeding 4-arm pluteus larvae 1 day post fertilization (1 dpf ). Initial larval densities were~0.5-1 larva/ml, which we lowered to 0.2-0.3 larva/ml after rudiment invagination (6 arm larvae; 3 dpf at room temperature, 6 dpf at 13°C). We fed larvae a mixture of 2500 cells/ml Rhodomonas spp. and 3000 cells/ml Dunaliella tertiolecta throughout, changing > 90% of the culture water by reverse filtration every 2 days and then re-feeding. For the February 2017 experiments, we transported 3 dpf larvae in a 1-gal water jug at~1 larva/ml to Bodega Marine Laboratories (BML; Bodega Bay CA, USA), where they were replaced in gallon jars and maintained for the remainder of larval development.
At both FHL and BML, we cultured embryos and larvae in 0.45 μm MFSW in gallon jars, either with mechanical stirring [44, 46] or on a gyratory shaker platform.
Generating turbulence in the laboratory
To generate fluid turbulence in the laboratory (quantified in terms of the energy dissipation rate, in units of W/kg), including intensities characteristic of wave-battered coasts, we employed a Taylor-Couette cell [49] . This apparatus consists of two vertically oriented, co-axial cylinders separated by a 3.5 mm gap that contains seawater (described in greater detail in [11] ). We held the stationary inner cylinder, and thus the water in the gap, at either 19-21°C (September 2015 and Feb 2017) or 13-15°C (June 2017) by means of a circulating water stream from a temperature-controlled water bath passing through the cylinder's interior. During operation, the outer cylinder rotated at a prescribed speed causing relative motion between the cylinders and thereby shearing the seawater between them. At the rotation speeds employed for testing sand dollar larvae, the sheared flow was turbulent [11] .
Larval exposure to turbulent shear
In all experiments described herein, we exposed larvae to a single turbulence intensity of approximately 6 W/ kg, which corresponds to a rotation rate of 500 r.p.m. at 20°C and 550 r.p.m. at 14°C (the difference is due to the increased viscosity of sea water at 14°C). This intensity is substantially in excess of those used in most laboratory examinations of larval responses to turbulence (e.g., [40, 50] ), approaching the largest values measured under actively breaking waves on steep rocky coasts during non-storm conditions [51] . See the Discussion for our justification for using these high turbulence intensities.
We first concentrated larvae by reverse filtration and selected 15-35 larvae into individual 125-ml glass beakers at a density of 1 larva per 3-4 ml MFSW. Larvae in these experiments were developing synchronously; we only eliminated larvae from consideration if they were obviously delayed in development (< 5% of the larvae; data not shown). Otherwise, we chose larvae haphazardly. Then, we randomly assigned beakers to treatment and replicates, and began the exposures.
For each treatment run, we gently poured the entire contents of a 125-ml beaker into a finger bowl, and used a glass Pasteur pipette to introduce all of the larvae into 150 mL of MFSW within the Taylor-Couette cell. We then subjected the entire water volume within the apparatus to the specified level of turbulent shear for 3 min. Immediately following each treatment run, we gently poured the larvae within the Taylor-Couette cell into a 1-L glass beaker already containing approximately 100 ml of MSFW (to minimize additional stimulus to larvae during the pour), rinsed the Taylor-Couette cell 1-2 times with MFSW of the appropriate temperature to capture any remaining larvae, gently reverse filtered the entire recovered volume back down to~100 ml, and poured this remaining volume into a finger bowl for further observations and subsequent transfer into settlement assay conditions. We generally recovered > 95% of the larvae, all of which we used in ensuing settlement assays. We then rinsed the Taylor-Couette cell thoroughly with distilled water to ensure that no living larvae were transferred to subsequent trials, and we initiated the next trial.
In concert with the treatment exposures, we exposed randomly selected batches of larvae to unmanipulated control conditions, where we poured the contents of the 125-ml beakers into finger bowls, as described above, and then immediately subjected them to settlement assays. In previous studies, we compared unmanipulated controls to handling controls (i.e., 0 W/kg [= 0 r.p.m.] treatments), where we treated the larvae the same as those assigned to the turbulence exposure treatments, except we did not activate the Taylor-Couette cell during the 3 min that larvae were within it, thereby controlling for manipulations associated with transfer of larvae into and out of the apparatus. Since we have never observed any differences between larvae exposed to unmanipulated and handling controls in our studies ( [11, 12] and additional unpublished data), we here eliminated the handling controls.
Quantification of settlement
Following turbulence treatments, we assessed settlement by transferring all larvae from a run to a single well of a pre-washed, non-tissue culture-treated 6-well plate (see [52] ) containing 8 ml of one of three potential inducers of settlement: MFSW, extracts of sand in MFSW (see below), or 40 mM excess KCl in MFSW, all maintained at the rearing temperature. All exposures to the settlement inducers were continuous for up to 24 h, except for the KCl exposures, which were only for 1 h, followed by 24 h in 8 ml of MFSW (e.g. [12] ,). We scored a larva as settled if skin had begun to withdraw from the tips of the larval skeletal rod, as per standard assays (e.g., [11, 12, 18, 53, 54] ). We verified continued withdrawal of skin over the next several hours and eventual adoption of the definitive juvenile morphology, including emergent and active tube feet and spines. Larvae from all treatments that we had scored as not settled were living larvae, and we detected no post-settlement mortality.
As we transferred the larvae from a glass finger bowl into the settlement wells, we recorded the numbers of larvae swimming versus those contacting the bottom of the bowl. We used these counts to calculate the "proportion of larvae on bottom" for each trial.
Preparation of sand extracts
For sand dollar sand we used sand from the sand dollar holding aquaria at FHL (originally collected from the East Sound beds), either frozen and stored at − 20°C in 50 ml conical tubes (BML experiments), or collected fresh from those aquaria (FHL experiments). We thawed the frozen sand at room temperature for > 1 h before use. For the non-sand dollar sand (a non-specific cue) tested in June 2017, we collected sand from an intertidal beach (+ 1 m) in front of the main FHL laboratory where no sand dollars are found. To prepare the sand cues, we added 25 ml of sand to 25 ml of MFSW in a 50 ml conical tube and shook it vigorously for 30 s, allowed the large sand particulates to settle out for 10 s, and then decanted off the opaque supernatant into a new tube. When we diluted this supernatant 1:1 with MFSW, it resulted in what we term a 100% sand extract. We then used this extract for settlement tests at various dilutions in MFSW within a few hours of preparation. We conducted sand extract exposure trials in 6-well plates in which the remaining sediment suspended in the sand extract had been allowed to settle out for at least 30 min, rendering the water above reasonably transparent. In the June 2017 experiments, we prepared the non-sand dollar sand cue at approximately the same opacity as an effective sand dollar sand cue; we asked a colleague not involved in the study to evaluate these preparations of different sand cues for their approximately equivalent opacity. As it happened, a "200%" non-sand dollar sand cue (i.e., the poured-off supernatant not diluted 1:1 with MFSW) was deemed by this individual to be as opaque as a 30% sand dollar sand cue.
Statistical analyses
We assessed the effect of turbulence exposure (6 W/kg versus unexposed controls) on proportion of larvae on the bottom by a logistic regression with turbulence as a fixed factor. For our early competent larval dataset (2015; Fig. 1) , we also used a logistic regression to assess the effect of turbulence exposure and settlement medium (MFSW, excess KCl) on proportion of larvae settled, with turbulence and settlement medium as fixed factors. For the other settlement data (Feb 2017 and June 2017: Figs. 2 and 3, respectively) , the logistic regression model would not converge (due to lack of linearly separable data; not shown).
Therefore, in those cases, we assessed the effect of turbulence exposure (6 W/kg versus unexposed controls), settlement medium (MFSW, sand extracts), and time after turbulence exposure on proportion of larvae settled by ANOVA. For the Feb 2017 dataset (Fig. 2) , we treated time after exposure (1 or 16 h) as categorical, and ran a 3-way ANOVA (settlement medium, turbulence exposure, time). Because we detected a significant three-way interaction (see Results), we subsetted the data by settlement medium in order to determine how the effect of turbulence changes over time between the different settlement media, using Bonferroni corrections for multiple comparisons.
For the June 2017 dataset (Fig. 3) , we compared the final proportion of larvae settled (19 h ) in the different treatments using a two-way ANOVA, with settlement medium and turbulence treatment as the two factors. Because we detected a significant interaction between settlement medium and turbulence treatment (F 1,10 = 17.58, p < 0.002), we separated the data both by settlement medium and turbulence treatment for further pairwise comparisons using a Tukey HSD test and the appropriate Bonferroni corrections. Note that we identified the specific pairwise comparisons that we made here in advance of gathering these data, based on questions of interest that motivated the June 2017 experimental design, deriving from results obtained in Feb 2017 (Fig. 2) .
To determine if turbulence exposure and settlement medium could impact the rate at which larvae subsequently settled, we conducted a two-way ANCOVA with time after exposure as a covariate and settlement medium (MFSW, non-sand dollar sand extract) and turbulence treatment as the two factors. We uncovered a significant three-way interaction between time, settlement medium, and turbulence exposure, suggesting that the rate at which larvae settled was different among treatments (F 1,40 = 15.21, p < 0.001). We then used planned contrasts to test whether the rate at which larvae settled over time was different between turbulence treatment and UMC for each of the two settlement media. As indicated above, these planned contrasts were in place before we gathered the data in June 2017.
We treated each spin (exposure) in the Taylor-Couette cell as as a random effect to account for the multiple larvae within each spin. For all data, we assessed normality using Shapiro tests and q-q plots, and visually inspected residuals plotted against predicted values to check for heteroscedasticity. We performed all statistical analyses using R (version 3.4.2) and the lme4 package. 
